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Abstract 
 
One of the building designs that can provide better thermal condition using natural ventilation and 
better shading performances is courtyard type building. However, the effectiveness of the natural 
ventilation and shading performance is determined by prevailing outdoor conditions in the microclimate 
and the building design itself. This study investigates the high rise circular courtyard building 
performances in the aspect of thermal comfort through naturally ventilated approach. This study was 
conducted at UTHM library located at Parit Raja, Batu Pahat, Johor, which has circular courtyard 
geometry design with the height of 5 storeys. An objective measurement has been done on several room 
conditions by using MetOne E-Sample station, portable 4 in 1 meter kit and Fluke infrared thermometer 
to obtain the parameters of air temperature, relative humidity, wind speed and wall, and floor 
temperature surfaces. After conducting the measurement for each condition, Predicted Mean Vote 
(PMV) and Predicted Percentage of Dissatisfaction (PPD) have been calculated by using ASHRAE 
Thermal Comfort Program V1.0.  The result shows that courtyard can provide lower air temperature 
condition compared to the outside ambient. However, in term of applying natural ventilation strategies, 
only night time condition achieved the comfort zone of ISO 7730. The worst room condition was by 
using combination of natural ventilation during day but not at night.  
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1.  Introduction 
   
 The concern on sustainable development has influenced the building industry to be more bioclimatic 
for the next future. The sustainable issue that always been highlighted are the excessive use of energy in 
building and the high green house gases emission that caused by active ventilation system. This problem 
led to the demand on the utilization of passive strategies for indoor climate modification. As in hot humid 
country, the daily temperature is high especially during daytime which is around 29oc to 34oc [1] and high 
relative humidity of 70% to 90% [2] throughout the year. The building structure is also exposed to the high 
intense of solar radiation and penetration [3].  This phenomenon has cause the use of air-conditioned as 
compulsory alternative to cool down the room temperature to the preferred level. This simple approach 
technique becomes one of the factors to the high energy consuming for the building [4] and also 
contributes to the negative impact on the environment. As an initiative to this problem, utilization of 
natural ventilation is recommended as a suitable cooling option for prevention of overheating and indoor 
climate modification [5]. Thus, the design strategy to optimize natural ventilation and maximizing it effects 
with the thermal mass in reducing maximum indoor temperature in buildings is of great importance. 
 One of the building design strategies that have a potential to overcome this climatic problem is 
courtyard type of building [5]. A courtyard building is an enclosed area where a space is enclosed by 
building and has opening to the sky. It also can be defined as an open space that is surrounded by wall or 
building, adjoining or within a building such a large house or housing complex. This design concept is 
well applied in a warm and humid country because it offers air exchange between hot and cool air during 
 
 
days and night [6]. With proper design details of building composition, an effective airflow pattern can be 
provided to the courtyard [5]. 
 From the past studies, most of the experiments of natural ventilation on courtyard building had been 
done based on terrace or single house with rectangular type courtyard design. There are fewer studies on 
the circular high rise building thermal comfort performance. The first objective of this study is to 
investigate the performance of courtyard air temperature compared to the ambient level. The purpose is to 
find significance on the difference of air temperature between ambient level and courtyard due to the 
building design. The second objective is to investigate the performance of natural ventilated approach to 
the indoor thermal condition. This objective will analyze the courtyard air temperature profile that 
influences the indoor room temperature and comfort level. 
 
2.  Literature reviews 
 
2.1 Courtyard building 
 
A courtyard form is a very old type of building and it was used by many urban civilizations. It has been 
developed during the last periods through the process of trial and error to general climatic satisfying state 
within the available resources. It is still the traditional house type of many Asian, North African, South 
American and European countries [3]. The inclusion of courtyard in building is believed can improve the 
natural ventilation performance of the building. Courtyards are transitional zones that improve comfort 
conditions by modifying the microclimate around the building and by enhancing the airflow in the 
building [7]. 
The objective of internal courtyard is also to introduce the outdoors into the heart of the buildings core 
as well as optimizing the climatic source. One of the hindrances for the courtyard is the solar radiation. 
Solar radiation that is received by courtyard surfaces will affect the thermal performance of the building 
especially in areas adjacent to the courtyard. The amount of heat gain through radiations depends on 
climatic conditions, the time during the year and configuration of the courtyard [8]. The efficiency of 
optimization of natural ventilation in order to minimize indoor overheating conditions is greatly depends 
on the design details of building composition in providing appropriate airflow pattern to the courtyard. 
During the day time, the air in the courtyard will become warmer and rise up but it will reverse during 
the night time condition. The warm roof will get cool by convection and radiation and the cool air will 
sink into the court and enter the living spaces through the low level openings and leave through higher 
opening. With proper design details of building composition, an effective airflow pattern can be provided 
to the courtyard [5]. 
 
2.2 Natural ventilation 
 
One of the courtyard effects is it can provide a better natural ventilation to the building as to provide 
space for air exchange between indoor and outdoor room [9]. Courtyard building is perceived to offer great 
potential for utilizing natural ventilation and reducing energy consumption. Courtyard and atrium utilized 
both stack and wind forces to generate airflows through the room spaces adjoining to the building well. In 
the summer, the stack force can be dominant and the walls act as chimney to vent warm air out through the 
rooftops openings. Wind forces also may create pressure gradients between the outer facades of the 
buildings and the inner facades facing the building. In the study of Sharples [9], the investigation of 
courtyard and atrium airflow has been made by using model and wind tunnel methods. The aim of the 
study is to find the air characteristic of the model due to wind effect in the urban area. From the finding, it 
was found that open courtyard in urban area has a weak ventilation performance when the courtyard was 
perpendicular to the oncoming wind. He recommended that by covering the courtyard with porous roof to 
form an atrium will enable the larger fields on the roof and it will help to provide stronger ventilation 
pressure difference for the building. 
 
 
The study of Daghigh [10] found that the natural ventilation approach on office building in hot humid 
climate has slightly increased the thermal condition of the room. However, because of the appearance of 
wind speed more than 0.1 m/s, the employees feel comfort although in the higher comfort zone specified 
in the ASHRAE. In order to get a better thermal comfort, he suggested of using natural ventilation when 
the outdoor temperature is lower than the indoor temperature. This is supported by Kubota [11] who 
suggested using night ventilation technique in the hot humid climate. Candido [12] found that in hot humid 
condition in Brazil, at least 1 m/s wind speed is needed to achieve the thermal comfort for operative 
temperature above 24oC. 
 
2.3 Thermal comfort 
 
Thermal comfort as defined in the American Society of Heating, Refrigerating and Air-conditioner 
Engineers (ASHRAE) is the condition of mind which expresses satisfaction with the thermal environment. 
This definition seems like most people can agree on, but it is not easily converted into physical parameter 
[13]. The thermal comfort zone is region stipulated by ASHRAE Standard 55p [14], in the psychometric 
chart where all the conditions can satisfy 80 percent of the occupants. Human is predicted to feel comfort 
in this zone. Thermal comfort is affected by heat, convection, radiation and evaporative heat loss. It will 
maintain when the heat generated by human metabolism is allowed to dissipated and fulfill the thermal 
equilibrium with the surroundings [4]. Figure 2.1 below shows the thermal comfort zone according to 
ASHRAE Standard 55p [14]. 
 
 
Figure 2.1. Acceptable range of operative temperature and humidity for people in typical summer and winter 
clothing during light and primary sedentary activity (ASHRAE, 2003). 
There are six primary factors that must be addressed when defining conditions for thermal comfort. The 
six primary factors are metabolic rate, clothing insulation, air temperature, radiant temperature, air speed 
and humidity [14]. The thermal comfort indicator are generally based on prediction of percentage 
dissatisfied (PPD) and predicted mean value (PMV). PMV is an index that predicts the mean value of the 
votes of a large group of persons on seven thermal sensation scales while PPD is an index that establishes 
a quantity prediction of the percentage of thermally dissatisfied people determined from PMV [14]. 
As stated in ASHRAE Standard 55p [14], the PMV for comfort range is between -0.7 to +0.7 which is 
slightly lower than ISO 7730 [17] where the PMV range is between -1.0 to +1.0 as stated by Daghigh [10]. 
In this study, these two ranges of comfort will be used in comparison to the experiment PMV value by 
using ASHRAE thermal comfort program. 
Most of the previous studies of thermal comfort in hot humid climate region showed that it is hard to 
achieve the comfort zone as stated in ASHRAE standards. The comfort temperature range which is 
recommended by ASHRAE is between 23oc to 26oc. The work of Nyuk [15] on classroom in Singapore 
 
 
found that the acceptable comfort range is between 26.6 oC to 30.7 oC. The finding is similar with the 
work of Hussein [4] who studied the thermal comfort of classes in Johor Bahru, Malaysia. The work of 
Daghigh [10] found the acceptable comfort range in high rise office in UPM Malaysia which is between 
25.2 oC to 27.5 oC. This shows that most people who live in the hot humid region can accept the comfort 
level temperature higher than the state in the standards. 
 
3.  Methodology 
 
3.1 Investigated building 
 
The case study building presented in this study is the new library building of Universiti Tun Hussein 
Onn Malaysia (UTHM). The library is located at 1o51’23.61N and 103o4’57.57”E which is about 20 
Kilometer from the Batu Pahat city. The building has a circular geometrical shape and having courtyard 
space in its core of building design. It is a multistory building which contain of 5 levels of storey. The 
ground level consists of multipurpose rooms included tutoring room, computer room, bookstore and small 
canteen. Level one to four is the actual library spaces and on top level is the administration room. The total 
plan area of the building is 8091 m2 with 101.5m of diameter .The courtyard area is 13 percent from the 
total area which is 804 m2 of area with inner diameter of 36 m.The Universiti Tun Hussein Onn (UTHM) 
library location is isolated from the other buildings. With this condition, the building receives the wind 
flow directly with less obstruction from the nearby building. The immediate surroundings of the building 
have not been affected by any other buildings. 
 In this study, only selected ground level rooms will be involved. The selected room is one from the 
outdoor facing room which is known as Bilik Tutorial 10 (BT10), and another room located facing 
courtyard ambient which is known as Bilik Tutorial 9 (BT9). Both rooms have same dimension of ceiling 
height which is 3.2 m. The front wall of the room was built with 110 mm thick of brick wall, while the rest 
surrounding wall is built from 125 mm thick autoclaved aerated precast concrete. The finishing for both 
walls is the coating and plaster. The floor area for BT10 is 390 m
2
 while floor area for BT9 is 400 m
2
.The 
openings available for natural ventilation approach are from windows and doors in the room. The total 
opening sizes for BT9 room is 10.552 m2 while BT10 with 9.904 m2. 
 
 
Figure 3.1. Ground level layout of UTHM’s library. 
3.2 Boundary Configuration 
 
 The boundaries condition is a phase that being use to manipulate the condition of the room openings 
with the purpose to find the difference in thermal modification. These configurations have been applied 
for the experiment on BT9 room only. There are four boundaries configuration that has been decided as in 
 
 
Table 3.1 which is the first one where the openings in the room are being kept closed throughout the whole 
day of experiment. This setup will be a control condition or a benchmark for the room temperature 
modification. Second boundaries condition is the opening was kept open all day and night. The purpose of 
this setup is to find the effect of naturally ventilated room thermal performance for the whole day. The 
third boundaries condition is the room opening was being closed at daytime and opened at night. The 
purpose is to find the thermal condition of the room by the natural ventilated at night only. The last 
boundaries condition is the opening was being opened at daytime and being closed at night. The setup is to 
find the condition of room thermal comfort when being ventilated by daytime condition only. 
 
Table 3.1. Four boundaries conditions for natural ventilation approach on BT9. 
Bilik Tutorial 9(BT9) 
Case 1  The openings are closed throughout the day 
Case 2 The openings are opened throughout the day 
Case 3 The openings are closed during daytime and opened at nighttime. 
Case 4 The opening are opened during daytime and closed at nighttime. 
 
 
 
3.3 Instrumentation 
 
 In this experiment, the equipments that have been used are the MetOne E-Sampler data logger, 4 in 1 
meter kit and fluke infrared thermometer. Both MetOne E-Sampler data logger and 4 in 1 meter kit has 
anemometer, hygrometer and thermometer device integrated with it. MetOne E-Sampler has an accuracy 
of 8% NIOSH 600 while the 4 in 1 meter kit has accuracy for wind speed about ± 3%, air temperature 
about ± 1.2 oC and relative humidity of ± 4%. MetOne E-Sampler data logger has been used as stationary 
equipment while 4 in 1 meter kit as portable measurement device. The function of Fluke infrared 
thermometer is to measure the surface temperature by infrared wave. In this study it has been used to 
monitor the temperature level of wall and floor surfaces for the selected room. It has an infrared laser that 
projected to the measured surface in a range of 0.3 meter to 1.5 meter from the surface.  
 For thermal comfort analysis, ASHRAE thermal comfort program v1.0 has been used to predict the 
room thermal comfort condition 
. 
3.4 Data collection 
 
 The collection of measurement data consists of three main locations which are the outdoor 
environment that is located outside the building perimeter, the courtyard area and the selected indoor 
rooms.  The data taken are air temperature, relative humidity, wind speed, and wall and floor surface 
temperature. 
 For the boundaries condition measurement, it done in two days of observation and for each day, the 
experiment was conducted from 8.00 a.m. to 10.00 p.m. The purpose is to find the temperature 
modification for the whole day working hours for the selected room. The Figure 3.2 shows the locations 
measurement points, where Po is outdoor point which is used to measure the ambient meteorological 
climate. Pi1 and Pi2 are the points of measurement for indoor, and Pc1, Pc2, Pc3 and PC4 are the points of 
measurement for courtyards. As stated earlier, point for indoor is for room BT9 and BT10. 
 
 
 
 
 
Figure 3.2. Locations of measurement points. 
 
 The position of courtyard measurement is decided to be at the centre of the building area [14], and the 
large three openings of the building. The purpose is to find overall temperature modification in the centre 
of courtyard while the other three points are to get the air velocity and temperature from large opening of 
the building which offers cross ventilation through the building. The ambient temperature is measured by 
selected outdoor position which is put outside the building perimeter to get the thermal and wind 
modification of the surrounding area. 
 
 
 
 
Figure 3.3. Indoor measurement locations 
 
 Figure 3.3 shows the example of location points for measurement in the selected rooms. P1 to P5 are 
the points that are measured with 4 in 1 portable meter kit while Pi1 is the point for data logger. The 
measured data are air temperature, wind speed infiltration through the windows and door and the relative 
humidity level. The data that has been measured by the data logger is same with the portable unit devices 
which are indoor air temperature, relative humidity and indoor air speed. All the positions are based on the 
procedure in ASHRAE standard 55p, 2003.  
 
 
 
 
 
 
3.5 Measurement position 
 
 The measurement for the indoor position is conducted at 1.1 m height from floor level at all points 
except for the window because it has higher opening which is at 2 m. It is the same height for the 
measurement of the outdoor location and courtyard. It is decided to be 1.1m because of consideration of 
human activities like sitting and standing. According to ASHRAE standard 55p, air temperature and air 
speed shall be measured at the 0.1, 0.6, and 1.1m.  
 
4.  Result and discussion 
 
4.1 Ambient and courtyard temperature 
 
Measured ambient and courtyard thermal condition is indicated in Figure 4.1. It shows the profiles of 
average air temperature obtained for ambient and courtyard which is recorded from 8.00 a.m. to 10.00 
p.m. The average maximum outside ambient temperature is 33.6 oC and its minimum temperature is 26.7 
oC while for courtyard, the maximum average temperature recorded is 33oC and the minimum is 26 oC. 
The temperature pattern for these two locations looks similar where the temperature started to rise from 
low temperature in the morning to the maximum condition at noontime where the peak hour is around 
12.00 p.m. to 1.00 p.m. Then, the temperature starts to decrease gradually from noon to night time. It can 
be seen that the outside ambient temperature maintained higher than courtyard temperature during 
daytime, and during the night time around 8.30 pm to 9.00 p.m., the outside ambient temperature starts to 
decrease below the courtyard temperature. The time lag between maximum outside ambient and maximum 
courtyard temperature is around 30 minutes where the ambient reaches maximum value first. Figure 4.2 
shows the percentage of the difference between outside ambient temperature and courtyard temperature. 
The highest difference is at 9.45 a.m. with 8% difference while the lowest is at noon time with less than 
1% difference. The percentage difference at night time is also less than 1 % where courtyard temperature 
is higher than outside ambient temperature. 
 
Figure 4.1: Average temperature level for outside ambient and courtyard. 
 
Figure 4.2: Percentage difference between average ambient and courtyard temperature 
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From these two figures, it shows that the courtyard design building with medium rise of height has 
given it impacts in lowering the internal courtyard area temperature. One of the factors is due to the design 
effect that helps in providing building shading areas to reduce the solar radiation at the courtyard floor and 
walls surfaces [16]. Another factor that helps in reducing courtyard temperature is the landscape vegetation 
effect and small pool that exists at the courtyard spaces. At the noon time, the temperature between these 
two areas become similar because at that time, the sun altitude angle reaches it maximum degrees and the 
courtyard area is exposed directly to the sunlight as the ambient [16].  During night time, it seems that the 
ambient temperature is lower than the courtyard area. This is because the heat at the outside area is 
released more rapidly than the courtyard area due to high air flow. For courtyard, the heat from wall and 
floor are released at night and trapped in the courtyard area. The lower wind speed of courtyard compared 
to the outside environment has caused the courtyard environment to cool slowly than the outside 
environment.  However, the percentage difference between the night time air temperatures for the two 
locations is low which 1% is. The Figure 4.3 shows the average wind speed at the building area during the 
site measurement. 
 
 
Figure 4.3: Wind speed average profile for ambient and courtyard 
  
 Generally, the wind speed at the outside building is higher than the courtyard area with its maximum 
speed is around 2.3 m/s during morning and on average, the wind speed is more than 1 m/s. The courtyard 
wind speed average is around 0.5 m/s with its maximum speed at 1.0 m/s. One of the factors that may 
lower courtyard wind speed is the vegetation landscape in the courtyard spaces. 
 Preliminary investigation had been done to observe the impact of outdoor and courtyard ambient to 
the indoor atmosphere. The investigation took place at one room that facing outside ambient (Bilik 
Tutorial 10) and another one rooms facing courtyard ambient (Bilik Tutorial 9). Both rooms have been 
tested to be in no ventilation condition and with natural ventilation condition. The result from the 
investigation shows that the thermal condition for naturally ventilation approach is higher than with no 
ventilation approach for both rooms. This is because by using naturally ventilated approach, the indoor air 
temperature influenced to rise according to the outdoor temperature where BT9 follows the courtyard 
temperature pattern while BT10 follows the ambient air temperature pattern. Figure 4.4 (a) shows the air 
temperature difference between indoor and outdoor condition for rooms BT9 and BT10. It shows that in 
average, BT10 room has lower air temperature difference compared to BT9 especially after 2 p.m in the 
evening. Lower temperature differences indicate that the room is more influence to the outdoor ambient 
temperature compared to the higher temperature difference. Figure 4.4 (b) shows that the Predicted 
Percentage of Dissatisfaction (PPD) for BT10 is also higher than BT9. It means, the outside facing room 
having higher daily indoor air temperature compared to the courtyard facing room. 
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Figure 4.4.  (a) Air temperature difference between indoor and outdoor for both rooms  (b) PPD level  
comparison for BT9 and BT10 for naturally ventilated condition 
   
  The evidence shows that courtyard design can effectively reduce the air temperature level of the 
indoor rooms. This is because the outdoor facing room is exposed to the high ambient air temperature and 
directs sunlight and radiation, while the courtyard facing room has a better air temperature and the 
generated shading effect helps in reducing the solar radiation to the building. Although naturally ventilated 
approach is higher than in the case without ventilation, it still shows that the courtyard design has a 
potential to offer better indoor thermal condition because compared to the indoor temperature condition 
that uses naturally the case of BT10, it helps lowering the indoor temperatures below outside indoor room 
temperature. By proper considering of design factor, the natural ventilation can be optimized.   
 
4.2 BT9 with four ventilation strategies. 
 
 Firstly, the experimental room has been tested with the no ventilation condition (Case 1) which is by 
closing all openings throughout the measurement hour. Figure 4.5 shows the BT9 room without ventilation 
air temperature profile. For this experiment, this phase is used as a control case. The indoor air 
temperature is slightly increased with the maximum value was 27.2 oC during the end of measurement. 
Because of closed openings, the courtyard temperature does not much affect the indoor air temperature. 
The percentage difference between maximum courtyard and indoor room is about 20%. The relative 
humidity range is from 62 to 79 % throughout the day and there is no wind flow in the room. 
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Figure 4.5: BT9 indoor air temperature profile in Case 1. 
 
 
Figure 4.6: BT9 indoor air speed and relative humidity in Case 1. 
 
 Figure 4.7 shows the BT9 in second case of experiment where the opening is opened for the whole day 
of experiment and Figure 4.8 shows BT9 indoor air speed and relative humidity. It seems that the indoor 
temperature is higher than in case one and it is increased according to the courtyard air temperature pattern 
with the maximum indoor temperature is 29.1 oC. The maximum of courtyard air temperature is 33.4 oC. 
The indoor air temperature during night time is nearly the same with courtyard condition. The wind speed 
recorded the highest average speed during noon hours. However, it not helps in reducing the indoor air 
temperature but only reduce the humidity level in the room. 
 Figure 4.9 shows the BT9 room in the third phase of experiment where the room is kept with no 
ventilation at day time and naturally ventilated at night. It seems that with this openings combination, the 
day indoor temperature pattern is kept slightly uniform during daytime with indoor air temperature is 
around 27.1 oC and when the opening is opened at 7 p.m., the graph shows that the temperature starts to 
increase above the average daytime temperature. The temperature rises to 27.6 oC but still lower than 
courtyard temperature. The average humidity level in this case is from 63 to 78 % and the air flow range 
from 0.1 to 0.2 m/s seems not influence to reduce the humidity and air temperature level as in Figure 4.10. 
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Figure 4.7: BT9 indoor air temperature profile in Case 2. 
 
Figure 4.8: BT9 indoor air speed and relative humidity in Case 2. 
 
Figure 4.9: BT9 indoor air temperature profile in Case 3. 
 
Figure 4.10: BT9 indoor air speed and relative humidity in Case 3. 
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 Figure 4.11 shows the room in the fourth phase of experiment with the openings are kept opened 
during daytime and closed during night time. When the maximum courtyard air temperature reaches its 
peak at 32.8 oC, the room air temperature is at 29.7 oC and the temperature is nearly the same at 7.15 p.m. 
with indoor air temperature is 28.6 oC and courtyard is 28.7 oC. During night time, the indoor temperature 
became higher than the courtyard with the last reading which is at 10p.m. is 28.2 
o
C for indoor and 27.6
 o
C 
for courtyard. It can see that the humidity level is reducing during night time in condition of no air flow as 
in Figure 4.12. This is cause by the warm air that trapped in the rooms resulted warm indoor condition.   
 
 
Figure 4.11: BT9 indoor air temperature profile in Case 4. 
 
 
Figure 4.12: BT9 indoor air speed and relative humidity in Case 4. 
 
 Figure 4.13 shows the indoor air temperature difference for all experiment phases compared to 
courtyard temperature. The high difference indicates that the phase is not much influenced by the 
courtyard air temperature and the temperature is considered low and good.  
 
 
Figure 4.13: BT9 indoor air temperature difference profile for all cases. 
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 From the figure, it shows that the third phase has the highest temperature difference and it is the best 
combination compared to others. This is because the temperature is kept low during day time and when 
naturally ventilated at night time, the temperature rises slowly and below the courtyard level. This strategy 
helps the indoor surfaces to maintain low temperature and accumulate low heat in the material and it has 
resulted lower heat been released during night time. The worse condition is in the fourth phase where the 
opening is kept opened in day time and closed at night time. When the opening is opened during day time, 
the heat is absorbed in wall and gathered in the room area and at night time, the opening is closed and the 
heat cannot be released. From the result, it can be concluded that with the existing design composition of 
the building, the natural ventilation strategies provide better indoor air temperature by having naturally 
ventilated condition during night time only.  
 
4.3 Thermal comfort level for each strategy 
 
 This analysis is done to find out the best natural ventilation strategies in term of thermal comfort 
definition. The analysis is done by using ASHRAE thermal comfort program v1.0 to estimate the value for 
predicted percentage of dissatisfaction (PPD), predicted mean vote value (PMV) and standard effective 
temperature (SET) for the experimental room. The value of clothing insulation that has been taken is 0.57 
and metabolic rate is 1.0. The mean radiant temperatures are assumed to be same with the air temperature 
value.  
 Figure 4.14 shows the result of PPD value as a function of PMV for all the cases while Table 4.1 shows 
Standard effective temperature (SET*) and PMV range according to all cases from 8 a.m to 10 p.m measurement. In 
this analysis, the PMV comfort range is based on ISO 7730 which has slightly wide range of comfort 
compared to ASHRAE 55p. ISO 7730 has range of comfort from -1 to +1 while ASHRAE 55p is between 
-0.7 to +0.7. From Figure 4.14 (a), the room is not ventilated and the maximum PPD value is around 17%. 
Most of the PPD vote is below than +1 PMV value.  Standard effective temperature (SET*) for case 1 is 
between 26.5 oC to 27.7 oC. The natural ventilation approach by case 2 has caused the PPD value to 
increase higher than case 1 as shown in Figure 4.14 (b), with the maximum percentage of 50%. The 
average PPD value for this case is around 33%. Due to the increment of thermal environment as indicate 
by the PPD value, the SET* range for this case also has increased in range of 28.7 oC to 29.3 oC. For case 3 
in Figure 4.14 (c), the maximum PPD value is 20% and it happened at night time. This is due to the highest 
temperature recorded at night and the air flow leads the warm air to the room. The SET range for this case 
is about 27.1 oC to 27.4 oC while for PMV is between +0.03 to +0.87. The last phase records maximum 
PPD value of 59% as the peak air temperature and averagely, the percentage is about 34% which is 
slightly higher than in the case 1 as shown in Figure 4.14 (d). The SET* value in this case is the widest 
compared to others which is from 26.6 oC to 30 oC throughout the day. The PMV value is from +0.5 to 
+1.65.  
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Figure 4.14: PPD as a Function of PMV. (ASHRAE, 2003) for (a) Case 1, (b) Case 2,  
(c) Case 3 and (d) Case 4 
 
Table 4.1: Standard effective temperature (SET*) and PMV range according to the cases from 8 a.m to 10 p.m. 
Case  SET* Range (oC) PMV range 
1 26.5 - 27.7 0.1 - 0.77 
2 28.7 - 29.3 0.2 - 1.48 
3 27.1 - 27.4 0.03 - 0.87 
4 26.6 - 30 0.5 - 1.65 
 
 From the result, it shows that the case 1 and 3 provide lower PPD percentage and low range of PMV 
value compared to the other 2 cases. The PMV value obtained was below than the +1 mark which is 
within the comfort level. This is because the room is not exposed to the warm air during the day time and 
the wall has lower heat stored compared to others. For case 2 and 4, the condition is nearly similar as the 
PPD shows the high value and also higher value of maximum standard effective temperature. It shows that 
the case 2 and 4 are the worst scenario of thermal comfort.  
  Table 4.2 shows the comparison between SET* value during day time and night time for all cases. 
Except for case 1, the case 3 SET* range has the lowest value compared to the other cases even though it 
slightly increased from the day time range. This is due to the exposure to courtyard environment during 
night time which brings the warm air into the room. 
 
Table 4.2: Standard effective temperature (SET*) range during day time and night time. 
Case  
SET* Range (oC) during day 
time 
SET* Range (oC) during night 
time 
1 26.5 - 27.8 27.7 
2 28.7 - 29.9 28.6-29 
3 27.1 - 27.6 27.5-28 
4 26.6 - 30 28.5-29.3 
 
 From the three natural ventilated cases results, it shows that case 3 has the best combination for 
applying natural ventilation by considering the existing design of the room. Based on ISO 7730, case 3 
fulfills the requirement of comfort which is between -1 to +1 of PMV value. However, based on the SET* 
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value that has been obtained for all the cases, none of the value achieves the standard that has been stated 
by the Malaysian Energy Efficient guidelines [18] which is at 26 oC.  
 
 
5.  Discussion and conclusion 
 
     From the result and analysis, it shows that the courtyard building of UTHM library has successfully 
provided slightly lower air temperature compared to the outside ambient. With the percentage difference 
between courtyard and outside ambient from 1 to 8%, it shows that in courtyard design, building shaded 
that is created at the internal courtyard and the vegetation landscapes have help in reducing sunlight and 
radiation on courtyard floor and also the wall. During noon time, the courtyard temperature is almost the 
same with the outdoor temperature. This is caused by the minimum building shading generated due to the 
sun altitude that perpendicular to the building. During daytime, the air temperature at the courtyard 
remained below the outside ambient, but during night the result is on the contrary. The factor that affects 
this phenomenon is due to the low wind speed during night time in the courtyard. The convective cooling 
effect from the roof is not affected in this courtyard building because of the high roof level. 
 The lower courtyard air temperature level than outside ambient has influenced the room facing the 
courtyard to have better thermal environment than the room that facing outside environment. This effect 
can be seen in comparison between BT9 and BT10. BT9 indoor air temperature is recorded lower than 
BT10 air temperature for all cases of ventilation. The wall and floor surfaces temperature of BT9 also 
have been recorded below the BT10 value for all cases. This shows that when low air temperature in the 
courtyard and shaded effect are provided, it influenced BT9 thermal environment to become lower than 
BT10 thermal environment. The result is also supported by predicted percentage of dissatisfaction (PPD) 
for BT9 which is lower than BT10.  
 From the several cases of natural ventilation strategies, generally it shows that the performance of the 
room is better when the room is not having natural ventilation during daytime and only having naturally 
ventilated condition during night time (case 3). This is because these combinations have a range of thermal 
comfort indicator PMV below +1 according to ISO 7730. The worst strategy is by using natural ventilation 
during daytime and close the opening during night time (case 4) followed by the result of using natural 
ventilation for all days (case 2). This is because the PMV indicator exceeds the suggestion by ISO 7730 
which is more than +1 value and the range of room standard effective temperature (SET*) is between 
26.6oC to 30 oC. According to the previous literature review, the comfort standard that is suggested by 
ASHRAE is too low and most of the studies with hot humid climate are found hard to achieve the level 
that has been stated. The comfort temperature for hot humid climate achieved by Nyuk [15] has neutral 
temperature of 28.4 oC  and comfort range from 26 oC  to 30.7 oC. The study of Hussein [4] also has similar 
result. The studies of Daghigh [10] found that the achieved comfort temperature is within 25.2 oC  to 27.5 
oC  which is also above the ASHRAE standard. This is because they found that most of people in this hot 
humid region can accept the higher thermal comfort temperature range. By comparing the study of Nyuk 
[15] and Hussein [4] with the achieved result, it seems that the indoor standard effective temperature 
(SET*) level is in the range of 26.6 oC  and 30.7 oC. So, this shows that the performance of experimental 
rooms at UTHM library has a potential to provide acceptable comfort level. 
 For the further research, the consideration of upper building thermal performance level is encouraged. 
This is because this experiment only considers the ground level indoor thermal performances. To get the 
better overview of the courtyard building performance, the research can be enhanced by considering 
qualitative study and simulation by computational fluid dynamic (CFD) program. 
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